and how they are regulated could offer novel prevention and treatment strategies to reduce toxicity allowing better usage of these potent immunosuppressive drugs.
MicroRNAs (miRNAs) are a class of small, noncoding RNAs that post-transcriptionally regulate the expression of more than 60% of protein coding genes in humans [10] [11] [12] [13] [14] [15] [16] and control cellular function in several disease processes. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] We previously demonstrated that miRNAs play an important role in controlling acute renal injury resulting from ischemia and reperfusion. 30 It is now apparent that the miRNAs play a key role in regulating many aspects of renal injury. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Because miRNAs regulate gene expression, understanding how their expression is altered throughout the progression of a disease lends itself to the discovery of new pathways involved in disease progression, development of phenotyping assays and biomarkers, and identification of novel therapeutic targets. We hy- 
| MATERIALS AND METHODS

| Cell culture
HK-2 cells (ATCC, Manassas, VA) were cultured in serum-free keratinocyte medium (Thermo Fisher, Waltham, MA) supplemented with Epidermal Growth Factor 1-53 and Bovine Pituitary Extract and treated with 5 μg/mL CsA (Sigma-Aldrich, St. Louis, MO) or ethanol as a vehicle control as previously described. 46 
| Animal model of CsA nephrotoxicity
Ten-to 12-week-old male C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and housed under microisolator conditions. All experiments were performed with approval of our Institutional IACUC. CsA nephrotoxicity was induced as previously described.
46-48
| RNA-Seq
HK-2 cells were treated for 48 hours with CsA (5 μg/mL) or vehicle control (0.1% ethanol). Four replicates were used for each condition.
Polyadenylated mRNAs were isolated and used to generate multiplexed cDNA libraries for Illumina sequencing.
| AGO2-PAR-CLIP
PAR-CLIP was performed as previously described. 49 ,50
| PAR-CLIP bioinformatic analysis and ingenuity pathway analysis
Details are provided in Supplemental Materials and Methods.
| Western blot assay
Cell cultures were lysed in RIPA buffer supplemented with phosphatase and protease inhibitors. SDS-PAGE was performed using 4-12% Novex NuPage Bis-Tris gels in MOPS buffer under reducing conditions (Thermo Fisher). Monoclonal antibodies used for were anti-MAP3K1/MEKK1 (Clone 2F6, Novus Biologicals, Littleton, CO) and anti-GAPDH (Clone 71.1, Sigma-Aldrich).
| Real-time quantitative PCR
PCR was performed as previously described 46 
| Availability of data and material
All raw sequencing data and associated processed PAR-CLIP, RNAseq, and miRNA-seq datasets discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE98670.
| RESULTS
| PAR-CLIP defines miRNAs associated with the RISC complex in human proximal tubule cells treated with CsA
We performed AGO2-PAR-CLIP on human kidney proximal tubule cells (HK-2 cells) treated with CsA or vehicle as a control. HK-2 cells were cultured in medium supplemented with 100 μM 4-thiouracil (4-SU) and then treated with CsA. The cells were then exposed to UV light (365 nm) to crosslink RNAs to associated RNA binding proteins.
AGO2-associated RNAs (miRNAs and mRNAs) were then isolated by immunoprecipitation using AGO2-specific antibodies ( Figure S1 ). AGO2-associated RNAs were then purified, reverse transcribed, amplified, and made into cDNA libraries and sequenced. PAR-CLIP was performed in duplicate for each experimental condition and the resulting Illumina sequencing reads were pooled for maximal read depth. Raw sequencing clusters, trimmed reads and mapped reads are shown in Figure S2 . Incorporation of 4-SU into nascent RNAs leads to crosslinking to RNA binding proteins (RBPs) following exposure to UV light. RNAs that are crosslinked exhibit T to C transitions when subsequently reverse transcribed into cDNAs. The frequency of reads containing crosslinking T to C or A to G (negative strand) mutations was higher than all other mutations indicating enrichment for RNAs actively targeted in the RISC ( Figure 1A ).
We mapped the AGO2-PAR-CLIP sequence reads obtained to the miRNAbase v21 reference pre-miRNA hairpin sequences.
Mapping and subsequent quantification were performed with miRNADeep2, allowing for one mutation. 52 Initial results revealed an abundance of three mature microRNAs (hsa-miR-1246, hsa-miR-1290, and hsa-miR-7641) accounting for nearly 70% of all normalized expression in both samples ( Figure 1B , Table S1 ). Reads mapping to hsa-miR-1246 and hsa-miR-1290 may represent other non-coding RNA reads because nearly all such reads contained a mismatch to the reference hsa-miR-1290 hairpin which aligned to the U2 small nuclear RNA RNU2 perfectly ( Figure S3 ), consistent with other reports. 53 Similarly, hsa-miR-7641 has been identified as a derivative of rRNA repeats within 5S ribosomal pseudogene 387. 54 We therefore excluded these miRNAs from analysis. Based on normalized read counts we then ranked up and down-regulated miRNAs relative to control samples following CsA treatment (Table 1) . Hsa-miR-10a-5p exhibited the greatest increase in RISC binding after CsA treatment, whereas hsa-miR-4516 was decreased most. Many miRNAs (n = 118) were also identified that were present only in vehicle or CsA samples (Table S1) . (Tables S2 and S3) . Within these clusters, we observed 65 263 and 42 069 reliable T > C mutations. Annotation of the sequences in each cluster revealed that many map to intergenic and intronic regions of the genome ( Figure 1C ). However, normalization to the relative sizes of the genomic regions revealed enrichment for crosslinking sites in 3'UTR, exon, and 5'UTR transcript regions as well as promoter and transcription termination sites ( Figure 1D , Table S4 ).
We next compared crosslinking mutations in sequence clusters using PIPE-CLIP in CsA and vehicle control libraries. We identified 
| mRNAs in the AGO2 complex contain seed sequences of miRNAs identified by PAR-CLIP
Crosslinking sites based on mutations located within mRNAs accounted for 3264 and 2157 of total sites mapping to the 5' and 3'
UTR and coding regions of sequences from vehicle and CsA-treated samples respectively (Table S4) , representing a 3-fold enrichment when normalized to genomic region size. We assigned crosslinking miRNA clusters to mRNA targets by mapping them to the transcript crosslinking sites based on complementarity to the seed sequences from miRNA clusters we identified for each condition (Tables S5 and   S6 ). Seed sequences that matched canonical 8-mer, 7-mer, and 6-mer seed sequences corresponding to miRNA positions 1-8, 1-7, 2-8, 1-6, 2-7, and 3-8 were analyzed. Since the major mechanism by which miRNAs regulate expression involves targeting the 3'UTR of mRNAs,
we focused on clusters in this region of encoding genes. 
| Comparison of PAR-CLIP and RNA-seq
To examine the extent to which changes in total miRNA and mRNA expression reflect the changes observed in the RISC by PAR-CLIP we examined miRNA expression profiles using miRNA-seq on total Figure 5C and Figure S6) . To determine the function Figure 5D ). In Jurkat T cells, CsA inhibits JNK and p38 but not ERK pathways. 57 In our RNA-seq data, we ; Figure 5D ). Increased expression of both genes contributes to reduced signaling by the glucocorticoid-GCR , Figure 6B ). We confirmed the CsA-induced down regulation of MAP3K1 mRNA by qPCR ( Figure 6C ).
To test whether miRNA-101-3p targets the 3'UTR of MAP3K1, we examined whether miRNA-101-3p could regulate MAP3K1 by expressing miR-101 using a lentiviral vector. Compared to empty vector control (GFP only), expression of the pre-miR-101 hairpin in HK-2 cells reduced expression of MAP3K1 protein ( Figure 6D , E). In HK-2 cells, we detected two MAP3K1 bands at ~140 kDa and ~55 kDa. Full length MAP3K1 has been found to regulate cell migration and prosurvival signaling whereas the caspase-3-generated cleavage product promotes apoptosis. 60 Both MAP3K1 fragments, were decreased in cells transfected with the pre-miRNA-101 expression vector. To determine whether MAP3K1 down regulation in HK-2 cells was related to calcineurin inhibitor nephrotoxicity in vivo, we examined expression of transcripts in whole kidney samples of mice administered CsA (30 mg/ kg/day) or olive oil control as previously described. 46 Compared to control mice, CsA-treated mice exhibited decreased levels of MAP3K1 mRNA after 2 and 3 weeks of daily injections ( Figure 6F ).
| DISCUSSION
Our primary goals were to define the physiologically relevant miRNA- We found that a unique set of miRNAs is enriched in the RISC com- Signaling pathway which has been is known to play a major role in TGFβ induced EMT. 67 It also appears to affect Epithelial Adherent Junction
Signaling which is critical for maintenance of E-cadherin junctions, which when disrupted drives EMT through effects on cytoskeleton reorganization, stress fiber formation, and cell adhesion. 68 Identification of these pathways that are central to EMT strongly suggests that our data reflect physiologically relevant regulation of processes occurring because of CIN that are regulated by the RISC complex.
CsA prevents T cell activation by inhibiting calcineurin, thereby affecting NFAT localization to the nucleus that is required for IL-2 transcription. However, CsA has also been suggested to suppress activation of JNK and p38 upstream of mitogen activated protein kinase kinase kinases (MAPKK-Ks), preventing activation of MAP3K1, independently of its effect on calcineurin. 69 Our data revealed that ways, miRNAs and mRNAs we identified remain to be elucidated, these data serve as a novel resource for the community that could help lead to the identification of new druggable targets that could reduce toxicity associated with CsA.
